A novel approach has been adopted for synthesizing composite polymer electrolytes with a blend of atactic poly(methyl methacrylate) (a-PMMA) and isotactic PMMA (i-PMMA) owing to their ability to form stereocomplex structures, especially double helix like structures. Nanocomposite polymeric electrolytes based on gel polymeric electrolyte (GPE) consisting of stereocomplex PMMA, propylene carbonate (PC) and LiClO 4 has been synthesized. For the stabilization of polymer electrolytes and for good processability, fumed silica nanoparticles have been added in different proportions up to 6 wt% to GPE resulting in composite polymeric electrolytes (CPEs). Thermally stable, low volatile CPEs without the cost on electrochemical stability can thus be obtained, being promising candidates as polymeric electrolytes in many electrochemical devices in general, and in particular electrochromic windows.
Introduction
Energy consumption and production that rely on the combustion of fossil fuels is forecast to have a severe impact on the world economy in the coming years. This has been a driving force for the last two decades, which created a sustained and significant worldwide effort to develop alternate energy sources. Li + ion conducting gel electrolytes are promising power sources for many electrochemical devices [1] [2] [3] [4] [5] and are gaining tremendous attraction for powering electric vehicles for enabling a greener environment and other high technology devices. Energy storage is equally important as energy consumption and production. Electrochromic devices, though they do not produce energy, are vital sources for energy conservation. In our efforts to develop transmissive electrochromic devices, it has been realized that PMMA based gel electrolytes are viable candidates as electrolytes in these devices [6] [7] [8] . A high transparency in the visible region is obtained, along with a conductivity value exceeding 10 -3 S/cm. All these electrolytes consist of a-PMMA, in a polar organic solvent with a lithium salt. The main draw back of these systems is their poor dimensional stability. The properties of the polymeric electrolytes are strongly influenced by the polymer's molecular microstructure, apart from skeletal structure and chemical composition. a-PMMA generally exhibits high molecular weight, which causes entanglement in the polymer chains and as a result the motion of ions gets obstructed.
It is the aim of the present work to overcome the shortcomings of the existing PMMA based electrolytes, by finding a way to provide high mechanical strength. In this attempt, polymer electrolytes comprising, blends of a-PMMA and i-PMMA, lithium salt and an aprotic solvent have been prepared and characterized. Due to association between i-PMMA and a-PMMA strong gels are formed in a solvent, which ordinarily do not form with high molecular weight a-PMMA [9] . Further, the addition of inert inorganic fillers e.g. fumed silica (SiO 2 ) in different proportions results in composite polymer electrolytes (CPEs). Fumed silica is produced by the vapor phase hydrolysis of SiCl 4 in a hydrogen oxygen flame. The word 'fumed silica' is used in a fashion due to its smoke like appearance. Fumed silica is amorphous and non-porous in nature. Its small particles form three dimensional branched chain aggregates of approximate length 0.2 to 0.3 μm, having a surface area as large as 200 ± 25 m 2 /g. This complex aggregated structure is responsible for the unique properties of fumed silica, in particular, its ability to impart high viscosity to the medium in which it is dispersed by forming a self assembled network structure, endowing superior mechanical properties to the electrolytes [10] . The advantage of such self assembly approach is that it provides significant processing ease in addition to being economic. Stereoregular PMMAs display the strongest effect of tacticity on their properties. PMMA shows different values of T g for different tactic forms: isotactic (60 o C), atactic (105 o C) and syndiotactic (125 o C). Similarly the melting points also differ for different tactic forms, a-PMMA shows very high mol. wt. and is beneficial for film forming ability, but it causes entanglement in the polymer chain, and thus hindering the motion of ions. Ideally for a polymer for electrochemical applications, there should be no entanglement in the chain and it should be good enough to show filmability as well. Keeping this view in mind, we have tried to make a blend of the two forms of PMMA: a-PMMA which has the mol. wt. of 996,000 and i-PMMA which has mol. wt. of 15,000, taken in ratio of 20:80 (w/w), respectively to achieve a mol. wt. of 200,000.
In the current investigation we have examined the possibility of producing novel polymeric electrolytes with extra ordinary electrochemical properties. Further the addition of nanosized fillers was included in this study because of the advanced practical applications of the resultant nanocomposite. LiClO 4 was used as a salt due to its merits of being relatively less hygroscopic and its high anodic stability compared with other lithium salts. The resultant CPEs are mechanically more stable than the pristine GPE, with shear thinning behavior. The effect of tacticity has been further studied with the addition of fumed silica on a blend of a-PMMA and i-PMMA, investigating conductivity, viscosity, thermal stability and electrochemical potential window, of which a detail analysis is presented here.
Results and Discussion
Effect of tacticity and fumed silica on conductivity Fig. 1 shows Arrhenius plots for the CPEs and GPEs under consideration. The figure illustrates the maximum ionic conductivity exhibited by i-GPE with PMMA having a molecular weight of 15,000. The obtained conductivity for i-GPE at room temperature is 3.50 mS / cm while that of GPE has the value of 3.16 mS /cm. The somewhat higher conductivity exhibited by i-GPE is due to its more liquid like behavior. The addition of fillers resulted in a slightly increased conductivity to a maximum of 3.33 mS / cm for CPE-2, further addition of fillers decreases the conductivity to 2.80 mS / cm for CPE-4.
Fig.1: Arrhenius Plots of conductivity for i -GPE (◆), a -GPE (■) GPE (▲), CPE -2 (×), CPE -4 (Ж), CPE -5 (•) and CPE -6 (+).
The overall enhancement in conductivity due to the addition of fillers is not as high as demonstrated with other reported polymers such as PEO and PAN [11] [12] [13] . The effects of tacticity and fillers on the ionic conductivity are shown in Table 1 . The temperature dependence of the conductivity of these CPEs shows non -Arrhenius behavior typical of amorphous materials and follows the Vogel-Tamman-Fulcher (VTF) equations. The addition of fumed silica does not affect the mechanism of ionic transport, since all the profiles exhibit similar curvature, which affirms the unaffected activation energy. In our earlier studies we have established the passive role of PMMA [14] and an increase in conductivity was shown due to the interaction of C = O of PC with fumed silica. Due to the preferential orientation of hydroxyl groups of fumed silica on its surface, PC forms H-bonding with fumed silica particles and forms a network structure. This network structure is more pronounced for CPE-2 and at higher concentration of fillers, volume-filling effect, which gives less free path for lithium mobility, causes decrease in conductivity. The preferential distribution of anions at the silica interface and much higher dielectric constant of PC in comparison with that of fumed silica result in the formation of a highly conductive interfacial region, resulting in more free Li + ions. Fritz. et. al [15] too have got similar trend on conductivity which they ascribes to the "electroosmotic" phenomena. Fig. 2 depicts Arrhenius plots of viscosity for varying amount of fumed silica added to GPE. Viscosity of these CPEs increases monotonically with increasing fumed silica loadings and they display the shear thinning behavior. The extent of enhancement is more pronounced on the addition of 4 wt.% of fumed silica or more. The increment in viscosity from GPE to CPE-2 is by a factor but for CPE-5 it is by two orders of magnitude. The viscosity remains invariant at all temperatures for CPE-5 due to more pronounce shear thinning behavior. This enhancement in the viscosity arises de to the dispersion of layered silicates in the polymer matrix leading to a network structure. All the curved profiles show non-Arrhenius behavior characteristic of amorphous materials. Fig. 3 illustrates the thermograms of i-GPE, GPE, CPE-2 and CPE-4. As expected, within the experimental temperature range the glass transition temperature (T g ) is not observed. The thermograms reveal amorphous nature of all the studied electrolytes. Two endothermic peaks are characterized in all the thermograms, the one at lower temperature region between 180 -260 o C, while the other between 338 -352 o C. The lower temperature endothermic peak can be ascribed to the evaporation of solvent (PC). Due to complete solvation of PMMA in PC and due to its more liquid like behavior, this temperature has been lowered down to a value ranging from 182 -188.5 o C in GPEs as compared to pure PC (234 o C). With the presence of fumed silica this solvent evaporation peak is still shifted to lower temperature. Additionally there is another peak, shifted to higher temperature region at 251-258 o C, attributable to removal of chemisorbed water in the fumed silica. This increment in the thermal stability is due to the formation of H-bonding between PC and fumed silica. Further with the addition of 4 wt.% of fumed silica, it appears as a single sharp endothermic peak at 251 o C.
Viscosity

Fig. 2: Arrhenius plots of Viscosity for GPE (♦), CPE -2 (■), CPE -4 (▲) and CPE -5 (×).
Thermal studies
The high temperature peak, which is exothermic, is characteristic of PMMA [16, 14] . This peak has shifted upward with the addition of fumed silica, with the shift increasing with the increasing wt.% of fumed silica. CPE-4 shows maximum shift by 15 o C w.r.t GPE in this temperature region. The exothermic peak is due to unzipping initiated by random scission, which leads to monomer conversion. This is the characteristic of PMMA, due to which it can be converted into monomer and reused. The interaction between the carbonyl groups and silica surfaces has significantly increased the decomposition temperature of PMMA. The exotherm in i-GPE is not sharp as compared to others due to availability of less amount of PMMA. Thus the incorporation of fumed silica has resulted in enhanced thermal stability along with more solvent retention ability. Fig. 4 depicts the FTIR spectra of i-GPE, GPE, CPE-2 and CPE-4 in the wave no. region of 4000 -400 cm -1 . All the spectra are identical to each other except, in Fig. 4  (a) , which is different. In the current investigation the i-PMMA and a-PMMA are mixed in 80:20 ratios. The dominance of a-PMMA over i-PMMA in terms of mol. wt. manifests in the FTIR spectrum of GPE resembling that of GPE based on a -PMMA. Detailed assignment of various bands in the spectrum of a-PMMA and its comparison with the FTIR spectrum of i-GPE clearly shows that the a-PMMA is dominant over the i-PMMA, and thus the obtained spectrum is facsimile of a-PMMA based GPE. We have already assigned the spectra of the a-PMMA based GPE in our earlier communication [8, 17, 18] .
FTIR Studies
Fig. 4: FT-IR spectra of (a) i-GPE (b) GPE (c) CPE-2 and (d) CPE-4.
The formation of stereocomplex was concluded by Spevack et. al. [19] due to interaction of the ester groups of the stereoregular components, while Challa et.al. [20] believed that there is specific interaction between the i-PMMA ester groups and the a-PMMA α-methyl groups which is in good agreement with our experimental results. Some others [21] have stipulated that the stereocomplex is formed due to good steric fit. Functional groups other than ester groups of i-PMMA also interact with each other to form the stereocomplex have been proposed by some authors [22] .
In GPE, PMMA acts as a gelatinizing agent in the liquid electrolyte. The role of PMMA has been shown to be as a passive agent without interacting with any of the constituents in the GPE. However the independent GPE based on i-PMMA, and a-PMMA has shown FTIR spectra to markedly differ in frequency regions where the characteristic bands sensitive to the conformation are expected. Most evident in the regions, which have complete absence of peaks are mainly due to the vibrational modes of methyl groups. In particular in the C-H stretching region a-PMMA shows an isolated strong sharp band at 2990.9 cm -1 with a doublet like structure around 2953 cm -1 , in contrast i-PMMA exhibits extremely weak shoulders at 2963.4 cm -1 and 2902.4 which appear as a doublet. Another change that can be observed is in the C =O groups of PMMA in which i-PMMA appears with a doublet around 1740 cm - The difference in tacticity has thus shown difference in the vibrational band positions of the above modes, -CH 2 rocking and the backbone structure, which is quite expected. The addition of fumed silica does not exhibit any remarkable changes in the spectra, which is due to the very small size of the fumed silica.
Electrochemical Stability
Finally we address the most important property namely, the electrochemical stability of the synthesized GPE and CPE-2 as shown in 
Device Characteristics
A prototype transmissive electrochromic device of area 20 cm 2 with a configuration, Glass / SnO 2 : F / WO 3 / CPE-2 / PB / SnO 2 : F / Glass, was constructed. WO 3 and Prussian blue films were deposited on fluorine doped tin oxide coated conducting glass plates by dip coating and electro deposition technique respectively according to our earlier reports [23, 24] .
Fig. 7:
Voltammogram of a prototype device in the voltage range of ± 1.5 V.
In Fig. 6 , 0.5 is assumed as 100% transmission stage and the t c and t b for such a device are 14 sec and 4 sec. respectively at an applied voltage of ± 1.25 V, while an equal area device with conventional a -PMMA based GPE has t c and t b values of 34 sec. and 8 sec. respectively (not shown here). This faster kinetics of the device is due to less entanglement in the polymer chain of the electrolyte due to optimum mol. wt. of polymer, which gives relatively more free path to Li + or in other words produces more Li + to intercalate and de intercalate in the device and also less interfacial resistance in the device.
Typical voltammogram of the above prototype device is shown in Fig. 7 . The voltammogram was recorded using two electrode configurations in a potential range of ± 1.5 V under a scan rate of 10 mV/ sec. The obtained voltamogram is characteristic of WO 3 film [25] , as WO 3 is used here as a working electrode. The maximum current is 2.84mA in the anodic region while that exhibited in the cathodic cycle is 3.37mA; even after 10 3 cycles (not shown here) the current remains constant.
Conclusions
Stereocomplex PMMA based GPE is obtained by mixing i-PMMA and a-PMMA in liquid electrolyte. The effect of tacticity that has bearing on its molecular weight and fumed silica content in the GPE on conductivity and viscosity has been examined. An increment in the viscosity by orders of magnitude along with an increase in conductivity by a factor with the addition of fumed silica is observed. The room temperature conductivity for GPE was 3.16 mS / cm, while for CPE-2 it reached 3.33 mS/cm and further decreased to 2.80 mS/cm for CPE-4. Additionally their high thermal stability along with good rheological properties make them viable candidates as electrolytes for electrochemical devices such as smart windows. The incorporation of CPE-2 in a transmissive electrochromic device has been studied and resulted in fast switching kinetics.
Experimental
Materials PMMA (Avg. M w, 996,000 g/mol) and lithium perchlorate (LiClO 4 ) were supplied by Aldrich and used after drying at 100 o C in a vacuum oven overnight. PMMA (Avg. M w, 15,000) was obtained from HiMedia lab. India and used as received. Synthesis grade propylene carbonate (Merck, Germany) was used after drying over 4 Å molecular sieves. Hydrophilic fumed silica (CABOSIL, A-200) from Cabot India Ltd. was used after drying in a vacuum oven for 72 hrs. at 120 o C.
Sample preparation
The fumed silica nanocomposite electrolytes were prepared first by dissolving 1 M LiClO 4 in PC. In the liquid electrolyte thus made, 15 wt.% PMMA was added slowly while heating at 55 o C, with continuous stirring with the help of magnetic bar until a transparent homogenous mixture was obtained. The polymer electrolytes prepared using a physical blend of the two forms of PMMA (a: i) in a 20:80 (w/w) ratio, i-PMMA and a-PMMA respectively are GPE, i-GPE and a-GPE. Then the fumed silica particles were dispersed in GPE in different weight percentage and stirred, till homogeneity was attained. CPEs of various weight percentage i.e. 1-6 wt.% of fumed silica were made from the above compositions under controlled laboratory conditions. The conditions were kept constant through out. In the text they are named according to their wt.% of fumed silica i.e. CPE-2 represents GPE with 2 wt.% fumed silica. The obtained CPEs can also be used as solid films, by solution casting method dissolving in acetonitrile or tetrahydrofuran.
Instrumentation
Electrolyte conductivities were measured using Metrohm 712 conductometer over the temperature range 20 -70 o C controlled by a Paar Physica circulating water bath after standard calibration. Viscosity measurements were carried out on Anton-Paar DV2P digital viscometer equipped with a temperature controlled circulating water bath. A concentric cylinder was used to measure the viscosity under a shear rate of 0.17 -68 s -1. The lowest measurable viscosity value is 20 Poise. DSC data were obtained between 25 o C to 450 o C using a Dupont TA-2000 scanning calorimeter under nitrogen atmosphere at a heating rate of 10 o C/min. Infrared spectra were recorded in the region of 4000 -400 cm -1 on a computer interfaced Perkin-Elmer FX-RX1, FT-IR system with a resolution of 4 cm -1 , at 25 0 C by sandwiching the electrolyte between two NaCl windows. The electrochemical stability of these CPEs was determined with the help of Keithley current source 2400 with computercontrolled software. Switching time characteristics of the device incorporating CPE-2 were recorded by multiple step chronoamperometry using an automated setup comprising a He-Ne laser source (λ = 632.8 nm) and a silicon photo diode and a custom made microprocessor controlled versatile unit hooked with a computer. The device was illuminated with the He-Ne laser beam and a photodiode was used to sense the light intensity transmitted through the device. The unit supplied a square wave potential of ±1.25 V at a frequency of 0.0016 Hz for activating the device. Plot of sensor output (% transmission in arbitrary units) as a function of time yielded response times of the device. The coloration time "t c " and the bleaching time "t b " are defined as time taken to change the transmission between10 and 90% in the respective cycles. Cyclic voltametry was performed on Omni 90 Potentiostat, Cypress systems Inc. USA
